Stromatolites are complex microbial mats that form lithified layers and ancient forms are 14 the oldest evidence of life on earth, dating back over 3.4 billion years. Their emergence 15 aligns with the oxygenation of the Earth's atmosphere and insight into these ancient 16 structures would shed light on the earliest days of Earth. Modern stromatolites are 17 relatively rare but may provide clues about the function and evolution of their ancient 18 counterparts. Previous studies have assessed microbial diversity and overall functional 19 potential but not at a genome-resolved level. In this study, we focus on peritidal 20 stromatolites occurring at Cape Recife and Schoenmakerskop on the southeastern 21 South African coastline. We identify functional gene sets in bacterial species conserved 22 across two geographically distinct stromatolite formations and show that these bacteria 23 may promote carbonate precipitation through the reduction of sulfur and nitrogenous 24 compounds and produce calcium ions that are predicted to play an important role in 25 promoting lithified mats. We propose that abundance of extracellular alkaline 26 phosphatases, in combination with the absence of transport regulatory enzymes, may 27 lead to the precipitation of phosphatic deposits within these stromatolites. We conclude 28 that the cumulative effect of several conserved bacterial species drives accretion in 29 these two stromatolite formations. 30 31 3
INTRODUCTION 32
Stromatolites are organo-sedimentary structures that date back more than 3.4 billion 33 years, forming the oldest fossils of living organisms on Earth Alteration of the pH and subsequently, the solubility index (SI), through microbial cycling 52 of redox sensitive compounds such as phosphate, nitrogen, sulfur and other nutrients 53 within the biofilm may promote mineralization or dissolution of carbonate minerals. This 54 in turn regulates the rate of carbonate accretion and stromatolite growth. Particularly, 55 photosynthesis and sulfate reduction have been demonstrated to increase alkalinity 56 thereby promoting carbonate accretion, resulting in the gradual formation of lithified 57 mineral layers [1, 4] . In some stromatolite formations such as those of Shark Bay in 58 5 inundation by seawater, which affect the nutrient concentrations, temperature and 82 chemistry of the system [15] . These formations are characterized by their proximity to 83 the ocean, where stromatolites in the upper formations receive freshwater from the 84 inflow seeps, middle formation stromatolites withstand a mix of freshwater seepage and 85 marine over-topping and lower formations are in closest contact with the ocean [14] . 86
Microbial communities within these levels therefore likely experience distinct 87 environmental pressures, including fluctuations in salinity and dissolved oxygen [15] . 88
While carbon predominantly enters these systems through cyanobacterial carbon 89 fixation, it is unclear how other members of the stromatolite-associated bacterial 90 consortia influence mineral stratification resulting from the cycling of essential nutrients 91 such as nitrogen, phosphorus and sulfur. Since the SA peritidal stromatolite systems 92 are in constant nutritional and chemical flux with varying influence from the fresh and 93 marine water sources, they present an almost ideal in situ testing ground for 94 investigating how stromatolite-associated microbial consortia interact with their 95 environment. Identification of conserved bacterial species across both time and space 96 and across varied environmental pressures would suggest that these bacteria are not 97 only robust but likely play important roles within the peritidal stromatolite consortia. 98 99 Using a metagenomic approach, we sought to gain insight into the foundational 100 metabolic processes that result in stromatolite formation. We assembled and annotated 101 183 putative bacterial genomes from peritidal stromatolites of two geographically 102 isolated sites near Port Elizabeth, South Africa. We identified several temporally and 103 Identification of conserved taxa. Conservation of bacterial taxa was calculated using 142 average nucleotide identities (ANIs) of all genomic bins, which were calculated in a 143 pairwise manner using FastANI [23] . All genomic pairs sharing > 97% ANI were subset 144 and considered conserved taxa. Temporal conservation of taxa was assessed between 145 samples from upper formations of Schoenmakerskop and Cape Recife (Fig.1 both sites begin at a freshwater inflow and end before the subtidal zone ( Fig. 1A-B ) and 190 are exposed to different levels of tidal disturbance. Samples were collected from the 191 upper stromatolites at Cape Recife and Schoenmakerskop in January and April 2018 for 192 comparisons over time and geographic space. Additional samples were collected from 1 0 middle and lower formations for extended comparison across the two sites ( Fig. 1) . 194
Throughout this investigation, sample prefixes correspond to the site and time at which 195 they were collected (Table S1) . 196
197

Phylogenetic distribution of microbial communities 198
We assessed the diversity and structure of the bacterial communities in the 199 stromatolites at Cape Recife and Schoenmakerskop using 16S rRNA gene amplicon 200 sequence analysis. All communities were dominated by Cyanobacteria, Bacteroidetes, 201
Alphaproteobacteria, Gammaproteobacteria and other unclassified bacteria ( Fig bins from the 10 different metagenomic datasets (Table S1 ). These bins were manually 215 1 1 bin were calculated, and the taxonomic identity was assigned using GTDB-Tk [28] 217 (Table S2 ). The GTDB-Tk tool uses the Genome Taxonomy Database as a reference 218 for classification, which is based on phylogeny inferred from concatenated protein 219 alignments. This approach enabled the removal of polyphyletic groups and assignment 220 of taxonomy from evolutionary divergence. The resulting taxonomy incorporates 221 substantial changes in comparison to the NCBI taxonomy [28] . Equivalent NCBI 222 taxonomic classifications have been provided for clarity in Table S2 . Using relative 223 coverage per sample as a proxy for abundance we found that genomes classified within 224 the Cyanobacteriia class were consistently dominant in all collection points, while 225
Alphaproteobacteria, Gammaproteobacteria and Bacteroidia were less abundant but 226 notable bacterial classes ( Fig. 3) . This distribution appears to be approximately 227 congruent with abundances observed in the 16S rRNA gene amplicon analyses ( We calculated pairwise average nucleotide identity (ANI) between all binned genomes 232 and defined conserved species as genomes sharing more than 97% ANI [23] ( Patescibacteria are unusually small bacteria found in groundwater and produce large 250 surface proteins hypothesized to help them attach or associate with other 251 microorganisms that perform nitrogen, sulfur and iron cycling [29] . The presence of 252 these conserved bacteria suggests that the inflow water seeps originate from 253
groundwater. There was a lack of conserved bacterial species across the lower 254 formations and may be due to increased variability at the subtidal interface and 255 potentially limited sample size. Furthermore, some bacterial genomes defined here may 256 represent transient bacteria that may not play any role in the stromatolite system. cycling is likely performed by Cyanobacteria (Cyanobacteriia class). The identity of the 265 bacteria that cycle redox sensitive sulfur, phosphate, nitrogen and calcium, and 266 subsequently affect the alkalinity and solubility index enabling carbonate precipitation in 267 these stromatolites remain unknown. We inspected PROKKA and KEGG annotations 268 within stromatolite-associated bacterial genome bins to identify potential metabolic 269 pathways that may drive the "alkalinity engine" and promote mineral deposition and 270 accretion [1]. An overview of the results presented here are summarized in Fig. 4 and 271 Table 1 . 272
273
It has been shown in experimental models that the uptake of hydrogen ions during 274 reduction increases the pH and results in the release of carbonate ions in stromatolites 275
[31]. The increased concentration of carbonate drives an increase in the saturation 276 index of calcite, resulting in precipitation [31] . Therefore, bacteria that reduce sulfate will 277 promote the growth of stromatolites, whilst oxidizers will likely drive dissolution of the 278 calcite precipitate. Amongst the Cape Recife and Schoenmakerskop stromatolites-279 associated bacteria, the capacity for sulfate reduction was confined to only a few 280 genomes ( Fig. S1 and S2 ). The complete set of genes required for assimilatory sulfate 281 reduction (sat/met3, cysC, cysH and sir genes) [32] were recovered in four genomes, 282 three of which were conserved Acaryochloris genomes ( Fig. S3 ) and the complete set 283 of genes for uptake and desulfonation of alkanesulfonates (ssuABCDE) [33] were 284 detected exclusively in conserved Hydrococus species (Fig. S3 ). Alkanesulfonate 1 4 metabolism results in the release of sulfite and an aldehyde, the former of which can be 286 reduced by sulfite reductase (sir gene) [34] . Both Acaryochloris and Hydrococcus 287 species were detected exclusively in upper stromatolite formations and suggests 288 freshwater inflow may carry sulfur compounds, however, in the absence of experimental 289 data this remains purely speculative. Reduction of sulfate has previously been shown to 290 promote the precipitation of carbonates in the form of micritic crusts in Bahamian and 291
Australian stromatolites [7, 35] and it has been suggested that microbial cycling of sulfur 292 played an important role in ancient Australian stromatolites, even prior to the 293 emergence of Cyanobacteria [36, 37] . The cumulative removal of hydrogen by these 294 reduction processes would suggest conserved Hydrococcus and Acaryochloris species 295 may drive an alkaline pH within the system and potentially aid in calcite accretion. For a 296 comparative analysis of these stromatolites with other, well-studied systems, a 297 collection of 96 putative genomes from hypersaline Shark Bay (Australia) stromatolites 298
[7] was downloaded, annotated and classified as performed for the genomes from the 299 Cape Recife and Schoenmakerskop stromatolites (Table S4 ). This dataset was chosen 300 for comparative analysis as it is the only other set of putative genomes isolated from 301 stromatolite shotgun metagenomic data, however detailed functional potential analysis 302 of individual genomes was not carried out previously [7] . Our analysis of the functional 303 potential of binned genomes from hypersaline Australian stromatolites [7] showed a 304 greater abundance of genomes capable of both dissimilatory and assimilatory sulfate 305 reduction ( Fig. S4 ) and the majority of these genomes were classified within the 306 Desulfobacterota phylum (Table S4 ). This would suggest that reduction of sulfur 307 compounds is important to stromatolite growth but the differing environmental pressures sustained developing microbial life [47] . Therefore, bacteria that can fix nitrogen or 324 reduce nitrates/nitrites could potentially promote the growth of stromatolites and may 325 have added to the formation of ancient analogues. We found that several bacteria were 326 capable of ferredoxin-dependent assimilatory nitrate reduction (ANR) (nirA-narB genes) 327
[48], nitrogen fixation (nifDHK genes) and dissimilatory nitrite reduction (DNR) 328 concentrations of dissolved inorganic nitrogen ranging from 95-450 μM at the two sites 345
[15]. Review of the genomes from Australian stromatolites revealed that 14 genomes 346 were capable of nitrate reduction and 7 were capable of nitrogen fixation. The genomes 347
were taxonomically diverse, but species within phyla Planctomycetota and 348
Desulfobacterota were most prominent. As with the reduction of sulfur compounds, it 349 would appear that the function remains conserved but that different bacteria perform 350 these functions across diverse conditions of these stromatolites. The average gene copy number of calcium binding proteins and calcium ATPases was 361 6.5 and 1.7 respectively. The greatest abundance of gene copies was found in 362
conserved Microcoleus, Phormidiaceae and Elainellaceae genomes ( Table 1, Among the Australian stromatolites two genomes (S_098 and S305) ( Fig. S4) , classified 372 within Elainellaceae and Phormidesmiales (Table S4) , exhibited the genetic potential for 373 endolithic activity. These genomes carry the 22-26 gene copies of the calcium binding 374 protein and 3 gene copies (each) of the calcium transport ATPases. The abundances in 375
the Australian stromatolites were not as high as that observed in bacteria from Cape 376
Recife and Schoenmakerskop but the potential endolithic function appears to be drive the alkalinity of the stromatolite system, as well as conserved species that 391 concentrate calcium ions at the stromatolite surface ( Fig. 3) . Apatite could readily be 392 precipitated if a concentrated source of phosphate ions was provided. We detected a 393 large number of genes encoding alkaline phosphatases among the stromatolite-394 associated bacteria, with genes encoding extracellular PhoX being most abundant (190 395 copies across all genomes), with fewer copies of genes encoding intracellularly-396 localized PhoD (118 copies) and PhoA/B (85 copies) detected [57] ( Fig. S9 and S10) . 397
Gene copies of phoD and phoX have been found to be variable in soil microbes but the 398 majority of bacteria carry only one copy of phoD and one copy of phoX [58, 59] . 399
Conserved bacterial species within Acaryochloris, Rivularia and Elainellaceae groups 1 9 were particularly notable (Table 1, Fig. S11 ), carrying between 2-4 copies of phoX. 401
Several genomes from both sites carried genes encoding more than one type of alkaline 402 phosphatase, which may indicate that these bacteria can utilize different enzymes, 403 perhaps in response to a flux in available co-factors (i.e. calcium vs. zinc availability) 404 acting as major contributors (Table 1) . We propose the redox potential and solubility 455 index in SA stromatolites is potentially controlled by conserved bacteria, including 456
conserved Hydrococcus, Acaryochloris and Phormidiaceae bacterial species in upper 457 formations, and Elainellaceae, Phormidiaceae, Phormdesmiaceae, Rivularia and 458 Spirulinaceae bacterial species in middle formations (Table 1) , through the generation 459 and concentration of sulfide, ammonia and calcium ions for the rapid precipitation of 460 carbonate compounds and subsequent growth of stromatolite structures. We further 461
propose an abundance of alkaline phosphatases in combination with a suspected loss 462 of transport regulatory protein PhoR, may result in increased local inorganic phosphate 463 concentrations (Fig. 4) . This free inorganic phosphate may bind with the calcium 464 released by boring endolithic bacteria to form the phosphatic crusts previously observed 465 in these stromatolites. Conservation of these functions, and in some cases taxonomic 466 groups, across these and Australian stromatolites would suggest these processes may Genomes that do not carry any of the genes investigated here were not shown. provided. Genomes carrying fewer than 6 genes (cumulative) in these two categories 808 were collapsed. Phylogeny was inferred using JolyTree [24] with a sketch size of 5 000. 809
Conserved genomes are indicated with an asterisk within highlighted taxonomic groups. 
